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CARDIORESPIRATORY FITNESS AND HIPPOCAMPAL SUBFIELD VOLUME 
IN HEALTHY OLDER ADULTS 
SHIRAZ MUMTAZ 
ABSTRACT 
The increasing incidence of Alzheimer’s disease (AD) combined with recent 
evidence suggesting that its neuropathologies begin years prior to symptomatic onset has 
produced an immense focus on ways to attenuate the related structural and cognitive 
decline of certain brain regions. One low cost intervention is aerobic exercise. Rodent 
models have demonstrated aerobic exercise induces adult hippocampal neurogenesis, the 
birth of new neurons, in the dentate gyrus (DG) subregion of the hippocampus (HC) as 
well as increased performance on a spatial memory task. Further, human studies have 
demonstrated the association between increased cardiorespiratory fitness (CRF) and 
increased HC volume, and its translation to increased episodic memory performance. The 
goal of this study was to assess the relationship between CRF, as measured by VO2max, 
and brain region of interest (ROI) volumes notably including the left HC, left DG/Cornu 
Ammonis 3 (CA), and right entorhinal cortex (ErC). A secondary goal was to assess the 
relationship between CRF and cognitive performance on the Rey Auditory Verbal 
Learning Test. Baseline data was collected from 31 healthy older adults as a part of two 
larger clinical trials on aerobic exercise and HC function. Data included a CRF 
assessment as measured by VO2max, and structural MRI data including a high-resolution 
whole-brain T1-weighted image, and a T2-weighted image with higher-in-plane 
resolution. Automatic Segmentation of Hippocampal Subfields (ASHS) was the 
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neuroimaging software utilized to segment the HC and medial temporal lobe cortices into 
its appropriate subfields. Multiple linear regressions ran in IBM SPSS 25 to determine if 
CRF predicted ROI volumes yielded no significant results when controlling for age, sex, 
intracranial volume, education, and scanner location. Multiple one-way between-subject 
ANOVAs conducted to compare ROI volumes in high-fit versus low-fit individuals 
revealed marginal significance for the left HC, but no other ROI. Multiple one-way 
between-subject ANOVAs conducted to compare cognitive performance in high-fit 
versus low-fit individuals also revealed no significant results. Considering the marginal 
significance achieved by the one-way between-subjects ANOVA for CRF and left HC, a 
larger sample size is needed to potentially achieve significant statistical significance.  
Given these remaining null results, further investigation is suggested using additional 
neuroimaging analyses that split the DG/CA3 into its anterior and posterior sections, as 
well as examining different aspects of the RAVLT or utilizing more sensitive episodic 
memory tests.   
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INTRODUCTION 
 
 The 2018 Alzheimer’s Association report estimates that there are currently 5.7 
million people living with Alzheimer’s disease (AD) in the United States, and due to the 
aging of the baby-boomer generation, this number is projected to more than double by 
2050 (“2018 Alzheimer’s disease facts and figures,” 2018). The total cost of care in 2018 
associated with elderly individuals suffering from dementia has been estimated at $277 
billion, and this number will only increase as more individuals are affected (“2018 
Alzheimer’s disease facts and figures,” 2018). Recent evidence has highlighted how the 
neurodegeneration caused by AD and other related dementias likely manifests years prior 
to clinical onset, a stage commonly termed the preclinical stage (Sperling, Mormino, & 
Johnson, 2014). This finding has since demonstrated the critical need for research to help 
identify therapies targeted towards this preclinical stage (Sperling, Jack, & Aisen, 2011). 
By researching healthy elderly participants, the goal is to better understand the 
mechanisms by which interventions can attenuate the associated cognitive decline and 
structural brain atrophy in normal aging, with the hopes of translating these findings to 
stave off the clinical manifestation caused by AD and other related dementias. One low-
cost intervention that has shown promising results has been the incorporation of aerobic 
exercise into an individual’s lifestyle (Kramer & Erickson, 2007). 
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1.1 The Medial Temporal Lobe Memory System 
The medial temporal lobes (MTL) are a complex, vital brain region that play a 
key role in learning and memory. Structurally, the MTL are composed of the 
hippocampus (HC) and its adjacent cortical structures, including the entorhinal cortex 
(ErC), parahippocampal cortex (PHC), and perirhinal cortex (PRC) (Squire, Stark, & 
Clark, 2004). The HC is composed of different subfields including the dentate gyrus 
(DG), cornu ammonis (CA) 1-4, and the subiculum (SUB). The MTL play a key role in 
episodic memory, which is the recall of events (Squire et al., 2004).  
 
1.2 The Hippocampus in Alzheimer’s Disease 
Alzheimer’s disease is a neurodegenerative disease that has two landmark 
neuropathologies: Tau and Beta-amyloid (Aβ) (Braak & Braak, 1991). Aβ is a peptide 
that deposits throughout the entire cerebral cortex, whereas the HC and ErC are amongst 
the first brain regions to be affected by Tau (Braak & Braak, 1991). Tau is a major 
protein component of the neuron. In AD tau becomes hyperphosphorylated, leading to the 
production of neurofibrillary tangles (Iqbal, Liu, Gong, & Grundke-Iqbal, 2010).   
Alzheimer’s disease can symptomatically present in several ways. The most 
common presentation of AD dementia is its amnestic presentation in which the individual 
shows both impaired learning and recall of previously learned information (McKhann et 
al., 2011). The non-amnestic presentation of AD includes difficulty with language 
presentation, visuospatial presentation, and/or executive dysfunction (McKhann et al., 
2011). AD progressively worsens over time and while the disease process demonstrates 
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individual variation, the accumulation of Aβ and Tau ultimately cause excessive neuronal 
damage and significantly hinder an individual’s ability to perform activities of daily 
living (“2018 Alzheimer’s disease facts and figures,” 2018).  
 
1.3 Cognitive and Structural Changes Associated with Normal Aging in the MTL 
System 
Our increased knowledge regarding both the clinical and histological 
manifestation of AD has helped us realize that these neuropathologies begin when 
individuals appear healthy and show no signs or objective or subjective symptoms of 
impairment (McKhann et al., 2011). Therefore, we must also consider how the apparently 
healthy aging process affects the HC in healthy individuals. As adults age, they are more 
prone to experience difficulty with aspects of episodic memory such as encoding, storage, 
or retrieval (Glisky, 2007). Both encoding and storage are highly dependent on the MTL 
memory system, particularly the HC (Glisky, 2007).  
With regards to cognition, a longitudinal study in 2001 assessed performance of 
both elderly adults and younger adults on a verbal recall task, the Rey Auditory Verbal 
Learning Test (RAVLT), and an executive function task, the Tower of Hanoi (Davis & 
Klebe, 2001). For the RAVLT, participants underwent both an immediate and delayed 
recall at their initial and follow-up study visit. Older participants recalled significantly 
fewer words on both the immediate recall and delayed recall compared to younger 
participants, but there was no statistical difference of recall performance between the 
young or old participants over time (Davis & Klebe, 2001). Performance on the Tower of 
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Hanoi test significantly declined over time for elderly participants compared to the 
younger participants, demonstrating decreased executive functioning skills with increased 
age (Davis & Klebe, 2001). A review article by Buckner in 2004 highlighted how 
memory decline associated with normal aging is driven by pathologies that influence both 
the MTL memory system and executive function. These pathologies include disruption of 
the frontal-striatal network and damage to white matter integrity probably caused by 
vascular changes amongst others (Buckner, 2004).  
In terms of structural decline, a five-year longitudinal study investigating regional 
brain changes in healthy older adults demonstrated the volume of the HC remains steady 
until age 50 years, and then is followed by annual decline of approximately 1-2% (Raz et 
al., 2005). Age was associated with the rate of volumetric decline, and specifically 
showed the HC volume atrophied at a faster rate than the ErC (Raz et al., 2005).  
In conjunction, decline in HC volume has also been shown to correlate with 
decreased episodic memory performance, therefore suggesting that morphological 
decline can be indicative of a decline in cognitive function (Kramer et al., 2007). A 
similar preceding study also reported that loss of HC volume is associated with poorer 
performance on a delayed verbal recall memory task (De Leon et al., 1997). Importantly, 
a review and meta-analysis examining the association between brain volume and age-
related cognitive decline demonstrated extreme variability between elderly adults (Van 
Petten, 2004).  
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1.4 Physical activity and aerobic exercise as an intervention to attenuate 
neuropathological changes associated with AD and aging 
 Considering that there is no cure to AD, and aging is inevitable, research 
stemming from both a public health and scientific perspective has focused on ways to 
slow both the structural changes and cognitive decline associated with normal and 
abnormal aging. The aforementioned incorporation of aerobic exercise into an 
individual’s lifestyle has been shown to produce promising results (Kramer & Erickson, 
2007).  
Aerobic exercise has well-documented benefits such as decreasing one’s chances 
of developing cardiovascular disease (CVD), Diabetes Mellitus Type 2, certain cancers, 
anxiety, and depression (Physical Activity Guidelines for Americans, 2nd edition, n.d.). 
Importantly, a review article done in 2004 highlighted that certain CVD risk factors, such 
as elevated cholesterol levels and Diabetes Mellitus, are also risk factors for AD (Martins 
et al., 2006). Other risk factors associated with both CVD and AD include hypertension, 
smoking, and obesity (“2018 Alzheimer’s disease facts and figures,” 2018). Therefore, by 
improving one’s CRF via increased aerobic exercise, one can potentially simultaneously 
reduce the risk for CVD and AD.  In fact, the Center for Disease Control and Prevention 
recommends that for elderly adults, ages 65 and older, to receive substantial health 
benefits, they should complete 150 to 300 minutes of moderate-intensity aerobic activity 
per week (Physical Activity Guidelines for Americans, 2nd edition, n.d.). Likewise, for 
adults ages 65 years and older, the World Health Organization recommends completing 
the same amount of moderate-intensity aerobic exercise per week or doing at least 75 
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minutes of vigorous intensity physical activity per week (“WHO | Physical Activity and 
Older Adults,” n.d.). 
Several studies have examined the potential neuro-protective effects of physical 
activity and cardiorespiratory fitness (CRF). A large-scale prospective cohort study done 
in Canada using older adults compared physical activity on a scale of high, medium, and 
low, and found that increased physical activity was associated with lower risks of 
cognitive impairment, dementia of all types, and AD (Laurin, Verreault, Lindsay, 
MacPherson, & Rockwood, 2001). Additionally, analyses identified a significant dose-
response relationship that demonstrated increased physical activity was associated with 
lower risk of cognitive impairment and AD dementia (Laurin et al., 2001). In 2003, 
Colcombe et al. demonstrated brain tissue loss associated with normal aging may be 
moderated by CRF such that increased CRF was more neuro-protective compared to 
lower CRF. It was demonstrated that the neuro-protective effects of CRF were greatest in 
the prefrontal, superior parietal, and temporal cortices (Colcombe et al., 2003). The 
neuroprotective effects of increased CRF are not just limited to healthy elderly adults. A 
study comparing healthy older adults as controls and mild-AD participants revealed a 
significant difference in CRF such that CRF was lower in participants with AD (Burns et 
al., 2008). 
While the neurobiological mechanisms by which aerobic exercise prevents 
cognitive decline in humans is not yet clear, research in animal models allow us to test 
different hypotheses regarding the underlying mechanisms.  
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1.5 Neurobiological mechanisms of aerobic exercise in the hippocampal memory 
system of rodents 
In rodents, a landmark study demonstrated that voluntary wheel running is 
associated with increased adult hippocampal neurogenesis (AHN) (van Praag, 
Kempermann, & Gage, 1999). AHN is the birth of new neurons in the DG subregion of 
the HC. This study assigned young rodents to different experimental conditions notably 
including water-maze learning, voluntary wheel running, and standard-living as the 
control (van Praag et al., 1999). Of note, water-maze learning is a common test of 
hippocampal function in rodents. The results of this study produced the novel finding that 
voluntary wheel running is associated with both increased cell proliferation and survival 
in the DG region (van Praag et al., 1999).  
Another study done by van Praag et al. in 2005 separated young versus old mice 
to see if their findings in young mice could be replicated in old mice. Increased AHN was 
demonstrated in both the young and old rodents who participated in voluntary wheel 
running compared to the young and old sedentary rodents (van Praag, 2005). It was noted 
that younger rodents showed increased AHN compared to the older rodents (van Praag, 
2005). Further, old rodents who participated in voluntary wheel running showed 
improved performance on the Morris Maze Water task in comparison to old rodents who 
were sedentary. As the water-maze learning task is a test of hippocampal function, these 
results suggested increased AHN is associated with increased performance on a spatial 
memory task (van Praag, 2005).  
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Additionally, a study completed by Pereira et al. in 2007 demonstrated a 
significant increase in cerebral blood volume (CBV) in the DG region of rodents 
following a period of voluntary wheel running. Examination of the relationship between 
CBV and AHN confirmed that the increase of CBV was associated with increased AHN 
in the DG region (Pereira et al., 2007).  
A separate study replicated the finding of increased AHN in young rodents who 
participated in voluntary wheel running and also found a concurrent increase in 
angiogenesis, the growth of vasculature supporting these newborn neurons (Creer, 
Romberg, Saksida, van Praag, & Bussey, 2010). Additionally, these rodents also 
demonstrated increased performance on tasks requiring pattern separation following 
voluntary wheel running (Creer et al., 2010). Pattern separation is the ability to 
discriminate between two very similar pieces of mnemonic information during memory 
formation (Clelland et al., 2009), and the DG subregion plays a significant role in this 
process. The above finding by Creer et al. demonstrates the vital role of these aerobic 
exercise induced newborn neurons in the process of pattern separation (Creer et al., 2010; 
Yassa & Stark, 2011) 
Other regions of the MTL memory system in rodents have responded to aerobic 
exercise as the CA1 region has shown significantly increased brain-derived neurotrophic 
factor (BDNF) mRNA expression, an important neuropeptide that mediates AHN, after 
two, four, and seven nights of voluntary wheel running (Neeper, Gómez-Pinilla, Choi, & 
Cotman, 1996). Aerobic exercise has also been linked to increased dendritic spine density 
in the ErC (Stranahan, Khalil, & Gould, 2007).  
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In summary, animal models have consistently shown that voluntary exercise up-
regulates AHN, which additionally has been associated with increased memory 
performance (van Praag, 2005). After demonstrating increased CBV in the DG region 
following aerobic exercise in rodents, Pereira et al. then implemented a three-month 
aerobic exercise training program in humans, and demonstrated increased CBV in the DG 
region as well (Pereira et al., 2007). Given AHN and DG CBV was correlated in mice, 
this suggests that increased CBV could be used as a potential correlate of AHN following 
aerobic exercise in humans (Pereira et al., 2007). This link is critical, because we do not 
yet have an in-vivo measure of AHN in humans. We are also unaware of how exercise 
affects HC subfield volumes in humans, although animal models suggest increased cell 
proliferation in the DG (Henriette van Praag et al., 1999) and increased BDNF mRNA 
expression in CA1 (Neeper et al., 1996) which may indicate increased volumes.  
While our knowledge of the HC subfields is limited, few key points are vital to 
fully appreciating their importance. The ErC, a MTL region, acts as the main input to the 
HC as it receives inputs from the surrounding neocortex (M. P. Witter, 2007). As part of 
the perforant path, information travels from the ErC to the DG/CA3 subfield and to the 
remaining HC subfields before exiting the subiculum as the primary output (M. P. Witter, 
2007). Additionally, the ErC has direct projections to the DG, the region critical for AHN 
(Van Hoesen & Pandya, 1975; M. Witter, Van Hoesen, & Amaral, 1989).  
As neuroimaging studies suggest that exercise impacts both the structure and 
function of the HC, it is imperative to understand this past literature.  
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1.6 The effects of aerobic exercise on hippocampal volumes and cognition in humans 
Past research in human subjects has demonstrated that aerobic exercise has 
numerous benefits on both brain structure and function. A cross-sectional study involving 
older adults investigated the association between CRF and HC volume, and found that 
individuals with higher CRF levels were associated with increased bilateral HC volume 
in comparison to those with lower CRF levels (Erickson et al., 2009). This study also 
demonstrated an association between higher CRF levels and improved performance on a 
spatial memory task (Erickson et al., 2009). Furthermore, a one-year aerobic exercise 
intervention that involved elderly participants exercising three times per week showed 
increased HC volume compared to controls who saw HC volumetric atrophy (Erickson et 
al., 2011). Results also revealed that greater HC volume was associated with greater 
levels of serum BDNF, a putative biomarker of neural plasticity (Erickson et al., 2011). 
When assessing if changes in brain volume correlated to improved spatial memory 
performance, it was revealed that both the aerobic exercise group and control groups 
performed better after the intervention; however there was not a significant difference 
between groups implying that researchers could not differentiate between an effect of 
aerobic exercise and a retesting effect (Erickson et al., 2011). A much more recent 
systematic review and meta-analysis done in 2018 revealed that aerobic exercise 
intervention leads to the attenuation and preservation of left HC volume of elderly adults 
compared to control conditions (Firth et al., 2018).   
Another recent study in which adults in their early to middle adulthood ages 
underwent a six-week exercise intervention demonstrated a significant increase in 
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anterior HC volume in comparison to a non-exercising control group (Thomas et al., 
2016). Importantly, the authors tested whether or not these changes would remain after 
cessation of exercise training, and found that the anterior HC volume returns to baseline 
after six weeks without exercise training (Thomas et al., 2016). This highlights the short-
term effect of aerobic exercise and emphasizes the importance of continued exercise in 
maintaining structural integrity of the HC. 
While the exact neurophysiological mechanisms behind the effects of aerobic 
exercise on the brain in humans remain unclear, it has been thought that regulation occurs 
through different actions of several neurotrophins, most notably BDNF and insulin-like 
growth factor 1(IGF-1) (Cotman & Berchtold, 2002). Authors collecting cross-sectional 
data used healthy young adults and implemented a graded maximal exercise test to assess 
CRF, collected serum BDNF biological assays amongst other neurotrophins, and 
administered a memory task known to recruit the HC and ErC (Whiteman et al., 2014). 
Results indicated the association between serum BDNF and recognition memory differed 
based on participant fitness level (Whiteman et al., 2014). For those with lower fitness 
levels, increasing serum BDNF values were associated with lower recognition memory 
performance; whereas for those with higher fitness levels, increasing serum BDNF values 
positively predicted recognition memory performance (Whiteman et al., 2014).  
In similar work by the same authors, a subsample of healthy young adults from 
the 2014 work was utilized, voxel based morphometry was used, and CRF was measured 
to determine if there was an association between fitness, ErC, and HC volumes 
(Whiteman, Young, Budson, Stern, & Schon, 2016). The results showed a positive 
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association between CRF and right ErC gray matter volume, thus continuing to provide 
support for the hypotheses shown in some rodent models (Whiteman et al., 2016). This 
study was noteworthy as past rodent literature had suggested that voluntary wheel 
running increased dendritic spine density in ErC layer III (Stranahan et al., 2007). 
Interestingly, there was no significant association with HC volume (Whiteman et al., 
2016). In terms of cognitive findings, results revealed no association between CRF and 
recognition memory.  
Preliminary work from our laboratory demonstrates a positive association 
between CRF and multiple regions in the MTL memory system in young adults including 
the DG/CA3 and ErC (unpublished observation). Further exploration of a longitudinal 
study demonstrated CRF change significantly predicts volumetric change in the anterior 
DG/CA3 region in young adults (Nauer et al., in revision). In regards to cognition, 
participants were split into initially low and high fit to reveal that low-fit individuals 
demonstrated greater improvement on a pattern separation task as compared to initially 
high-fit individuals (Nauer et al., in revision).  
There has been overwhelming evidence for AHN in rodents following aerobic 
exercise that is associated with the DG/CA3 region of the brain. Longitudinal human 
studies have demonstrated increased HC volume associated with increased aerobic 
exercise, and the recent meta review conducted by Firth et al. in 2018 demonstrated 
attenuation of the left HC volumetric decline. Our most recent lab work in young adults 
coupled with evidence from animal models and past human literature suggests that CRF 
may be associated with DG/CA3 volume in older adults.   
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1.7 Hypotheses and Goals 
The primary goal of this work is to investigate the relationship between CRF and 
HC subfield volume in healthy, elderly adults. HC subfield volume will be measured via 
a segmentation method called automatic segmentation of hippocampal subfields (ASHS) 
(“NITRC: ASHS: Automatic Segmentation of Hippocampal Subfields: Tool/Resource 
Info,” n.d.; Yushkevich et al., 2015). Based on the past rodent and human literature, I 
hypothesize that the volume of DG/CA3, but not other hippocampal subfield volumes, 
will be correlated with CRF given that aerobic exercise induces AHN in the DG of 
rodents, and increasing their volume via a possibly associated increase in angiogenesis. 
Furthermore, to replicate previous findings, additional regions of interest include total left 
HC volume and right ErC. Given the recent meta-review (Firth et al., 2018), which 
demonstrated a positive association between left HC volume and aerobic exercise in 
healthy older adults, I hypothesize that left HC volume will be associated with CRF. 
Finally, a positive association between right ErC volume and aerobic exercise was 
identified in young adults (Whiteman et al., 2016). Given this and prior rodent literature 
suggesting aerobic exercise induced AHN occurs in both young and old adults (van 
Praag, 2005), as well as aerobic exercise induced increased dendritic spine density in the 
ErC of rodents (Stranahan et al., 2007) I hypothesize that right ErC volume will be 
correlated with CRF.  
A second experiment will include an analysis of cognitive performance on the 
Rey-Auditory Verbal Learning Task (RAVLT). The RAVLT has been shown to be a 
strong behavioral correlate of pattern separation (Stark, Yassa, & Stark, 2010), which is a 
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process known to recruit the DG/CA3 region. I predict that increased CRF will be 
associated with increased performance on the RAVLT, given that rodent models have 
demonstrated aerobic exercise induced AHN in the DG subregion, and this subregion has 
been implicated in pattern separation. 
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METHODS 
2.1 Participants 
Participant data for these analyses came from two larger projects performed by 
members of the Brain Plasticity and Neuroimaging Lab at the Boston University School 
of Medicine. Both projects recruited participants from the Greater Boston area and 
investigated the effects of aerobic exercise on human HC structure and function. Data 
was compiled from a total of 37 eligible participants, however only 31 baseline datasets 
were utilized in these analyses. Six participants were excluded due to failure to reach 
85% of their age and sex predicted maximum heart rate.  
 
2.1.1 Exercise Training Study (ETS) Data Set: 
Although this study recruited both young and old adults, this thesis examined data 
from older adults. Nineteen (9 females, 10 males) datasets were utilized of the possible 
twenty-three. Participants, who ranged from ages 55-85 years (mean age 62.32, SD = 
7.27), were cognitively intact native English-speakers, non-smokers, and had been living 
a sedentary lifestyle. The American College of Sports Medicine defines a sedentary 
lifestyle as one in which a person is not “participating in at least 30 minutes of moderate 
intensity physical activity on at least three days a week for at least three months” 
(American College of Sports Medicine, Thompson, Gordon, & Pescatello, 2010). 
Participants also completed a thorough screening process in which they denied 
musculoskeletal impairments at the time of the study or a history of neurological, and 
psychiatric conditions. Participants were excluded for being on any cardioactive or 
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psychoactive medications that affected study outcome measures (American College of 
Sports Medicine et al., 2010). All participants provided signed informed consent prior to 
participating in any study procedures, which were all approved by the Boston University 
Medical Campus Institutional Review Board. Please see Table 1 for participant 
demographics. Of note, 4 participants were excluded from this group due to failure to 
reach 85% of their age and sex predicted maximum heart rate.  
 
2.1.2 Entorhinal Cortex and Exercise (ECE) Data Set: 
Twelve participants (8 females, 4 males) datasets were utilized of the possible fourteen. 
Participants were native English speakers who ranged from ages 60 – 73 years (mean age 
66.42, SD = 4.60). As in the ETS study, participants were cognitively intact native 
English speakers and non-smokers who had been living a sedentary lifestyle. Participants 
underwent a very similar screening process in which they denied any musculoskeletal, 
neurological, or psychiatric conditions and potential participants were excluded for use of 
cardioactive or psychoactive medications (American College of Sports Medicine et al., 
2010). Please see Table 1 for participant demographics. Of note, 2 participants were 
excluded from this group due to failure to reach 85% of their age and sex predicted 
maximum heart rate. 
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Table 1: ETS and ECE Participant Demographics 
 
This table reveals participant demographics. Δ There are no statistical significant 
differences between the two data sets in terms of age t(29) = 1.740, p = .092, VO2max 
t(29) = .473, p = 0.640, or VO2max percentile t(29) = 1.794, p = .083.  
 
2.2 Cardiorespiratory Fitness Testing 
For both data sets, we utilized the same standard submaximal incremental 
treadmill test using procedures designed to assure safety and accuracy for participants 
(Cooper & Storer, 2001). The location and treadmill was identical for both studies. A 
modified Balke treadmill protocol was implemented where participants maintained a 
fixed walking pace while the grade was incrementally increased to maintain a total test 
duration of eight to twelve minutes and most importantly, reach 85% of their age and sex 
predicted heart rate maximum (Buchfuhrer, 1983). During an initial assessment warm-up 
period, the participant walks at his or her fastest comfortable walking pace while the two 
administering laboratory technicians determined the appropriate test speed. Once the 
speed was determined, a treadmill protocol calculator would provide suggestions for 
appropriate grade increase based on the participant’s age, sex, and estimated maximal 
 ETS Data Set ECE Data Set 
Nmale 10 4 
Nfemale 9 8 
Age range  55 – 85  60 – 73 
Age mean ± s.d Δ 
 
62.32 ± 7.273 66.42 ± 4.602 
VO2max range  19.9 – 42.70 17.68 – 40.99  
VO2max mean ± s.d Δ 30.06 ± 6.02 31.23 ± 7.60 
VO2max percentile range 42nd – 99th  43rd – 99th  
VO2max percentile mean ± 
s.d Δ 
69.90 ± 19.6 82.92 ± 19.85 
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oxygen uptake (VO2 max). Once speed and grade increase were appropriately 
determined, participants completed a three-minute warm up prior to the start of the test. 
The test would conclude once the participant reached 85% of his or her age-predicted 
maximum heart rate (American College of Sports Medicine et al., 2010). Once the 
participant reached 85% of his or her age and sex-related maximum heart rate, there was 
a three to five minute cool down. Throughout the test, laboratory technicians would ask 
the participant to rate how hard he or she believes he or she is exercising at regular 
intervals using a standard 15-grade rating scale of perceived exertion (Borg, 1982). The 
participant wore a chest strap equipped with a heart rate monitor connected to a Polar 
watch during the test as this allowed the laboratory technicians to observe the 
participant’s heart rate. Blood pressure was taken manually before and after testing 
procedures to ensure participant safety.  
For each participant, VO2 max was calculated by approximating to the age and 
sex predicted maximum heart rate calculated from the modified Balke protocol and the 
ACSM metabolic equation for Gross VO2 for walking: 
 𝑉𝑂! = 0.1 𝑚𝑙/𝑘𝑔 ∙ min  × 𝑆 + 1.8 𝑚𝑙/𝑘𝑔 ∙ min 𝑆𝐺 + 3.5 𝑚𝑙/𝑘𝑔 ∙ 𝑚𝑖𝑛 
 
 
Variables in this equation are identified as such: 𝑉𝑂! represents gross oxygen 
consumption, 𝑆 represents speed, and 𝐺 represents the percent of the treadmill grade as a 
fraction (American College of Sports Medicine et al., 2010). This linearly calculated 
VO2max is a putative measure of CRF.  
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The two equations utilized in calculating both age-related maximum heart rate 
and 85% of age-related maximum heart rate are shown below: 
HRmax = 206.9 – (0.67 * age) 
85% HRmax = 0.85 * HRmax 
These above formulas are as cited in (American College of Sports Medicine et al., 2010) 
and (Cooper & Storer, 2001).  
 
2.3 MR Imaging: 
MR Imaging took place at two different locations: the Boston University Center 
for Biomedical Imaging in Boston, MA, USA, and the Cognitive Neuroimaging Center in 
Boston, MA, USA. No participants had any contra-indicators for MRI imaging. 
Participants were screened for safety prior to the beginning of the MRI procedure. Once 
safely inside the scanner, structural and functional images of the participant’s brain were 
taken. Of note, these analyses utilized only structural images.  
 
2.3.1 ETS MR Imaging: 
These datasets are part of a larger exercise intervention, but for the purposes of 
this thesis, only the baseline data were used. Imaging data were collected on a 3 Tesla 
Phillips Achieva MRI scanner equipped with an 8-channel SENSE head coil at Boston 
University Center for Biomedical Imaging. A high-resolution whole-brain structural T1-
weighted magnetization prepared rapid acquisition gradient echo 
(MPRAGE; SENSitivity Encoding P reduction: 1.5, S reduction: 2; TR = 6.7 ms, TE = 
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3.1 ms, flip angle = 9°, Field of View = 25 cm, Matrix Size = 256 × 254, 150 slices, 
resolution = 0.98 mm × 0.98 mm × 1.22 mm) volume was acquired for each participant. 
Additionally, coronal sections were obtained perpendicular to the long axis of the 
hippocampus in a structural T2-weighted image volume with higher in-plane resolution 
(SENSitivity Encoding P reduction: 2, TR = 3000 ms, TE = 80 ms, flip angle = 90°, Field 
of View = 25 cm, Matrix Size = 576 × 450, 30 slices, resolution = 0.4 mm × 0.4 mm × 
2.0 mm with a slice gap of 0.6 mm).  
 
2.3.2 ECE MR Imaging: 
These datasets are part of a larger exercise intervention, but for the purposes of 
this thesis, only the baseline data were used. Imaging data were collected on a 3 Tesla 
Siemens MAGNETOM Prisma scanner equipped with a 64-channel head coil at the 
Cognitive Neuroimaging Center at Boston University. A high-resolution whole-brain 
structural T1-weighted magnetization prepared rapid acquisition gradient echo 
(MPRAGE; TR = 2200 ms, TE1 = 1.67 ms, TE2 = 3.5 ms, TE3 = 5.33 ms, TE4 = 7.16 
ms, flip angle = 7 °, Field of View = 230 mm, Acquisition Matrix Size = 230 x 230, 176 
slices, resolution = 1.0 x 1.0 x 1.0. Additionally, coronal sections were obtained 
perpendicular to the long axis of the hippocampus in a structural T2-weighted image 
volume with higher in-plane resolution (TR = 8020 ms, TE = 80 ms, flip angle = 150 °, 
field of view = 150 mm, Acquisition Matrix Size = 384 x 384, 30 slices, resolution = 0.4 
x 0.4 x 2.0).  
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2.4 Automatic Segmentation of Hippocampal Subfields 
Automatic segmentation of hippocampal subfields (ASHS) is a free open-source 
software developed by members of the Penn Image Computing and Science Lab at the 
Department of Radiology at the University of Pennsylvania (Yushkevich et al., 2015). It 
requires a T1-weighted scan and an oblique-coronal T2-weighted scan with high in-plane 
resolution to obtain optimal segmentation (Yushkevich et al., 2015; "NITRC: ASHS: 
Automatic Segmentation of Hippocampal Subfields: Tool/Resource Info," n.d.). ASHS 
automatically labels HC subfields and MTL cortices as well. The ASHS pipeline utilized 
in these analyses uses a pre-existing atlas package to segment and anatomically label 
brain regions on the scan (Yushkevich et al., 2015). The atlas package utilized for these 
analyses contains scans from 29 older adults, of which 15 were controls and 14 met the 
amnestic MCI criteria set by Peterson (“NITRC: ASHS: Automatic Segmentation of 
Hippocampal Subfields: File Release Notes and Changelog,” n.d.; Petersen et al., 1997). 
ASHS utilized a core code that includes enabling of the cluster, project specification, 
subject ID, the aforementioned atlas, a whole-brain T1-weighted image, a T2-weighted 
image with high in-plane resolution, and a necessary output folder. Once the ASHS 
algorithm is complete, the output folder includes both NIFTI images and volumetric text 
files of HC subfields and MTL cortices. The ASHS algorithm completes volume analyses 
for the following bilateral hippocampal subfields and MTL regions: CA1-CA3, DG, 
subiculum, ErC, Brodmann areas 35 and 36 (BA35, BA36), PHC, and sulci. Notably, the 
ASHS algorithm does not produce a total HC volume nor a PRC volume. Yushkevich et 
al. (2015) calculated these respective values via the following equations:  
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CA = CA1 + CA2 + CA3 
HC = CA + DG + SUB 
PRC = BA35 + BA36 
These calculations were employed to calculated total HC volume bilaterally. Further, 
since ASHS does not generate a DG/CA3 volume, this volume measurement was 
calculated via the following equation: DG + CA3 for right and left hemispheres 
respectively.    
Additionally, given the similarity of intensity characteristics between the T2-
weighted image from the aforementioned atlas and the T2-weighted image from both 
scanner locations, the corr_usegray text output was utilized to conduct volumetric 
analyses. This specific volumetric output text file is recommended by the ASHS tutorial 
website given the similarity between T2-weighted images (“Getting Started - Automatic 
Segmentation of Hippocampal Subfields (ASHS),” n.d.).  
 
2.5 Rey Auditory Verbal Learning Test (RAVLT) 
The RAVLT is a verbal memory test that assesses both immediate and delayed 
recall. Participants are initially read a list of 15 nouns from List A and subsequently 
asked to recall as many nouns as possible. The participant completes this task five 
consecutive times. After the fifth time, the researcher reads 15 nouns from a second list, 
List B, and again the participant is asked to recall as many words from List B as possible. 
Immediately after this, the researcher asks the participant to recall as many words as 
possible from list A, thus assessing immediate recall after interference. The participant 
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then performs other tasks for about 20 minutes and then again is asked to recall as many 
words as he or she can from List A, thus assessing delayed recall.  
Additionally, participants were read a list of 50 nouns of which 15 were from the 
original List A, 15 were from the secondary List B, and the remaining 20 nouns were 
either semantically, phonetically, or both semantically and phonetically similar to nouns 
from List A or B. The number of correct rejections, new words correctly identified as not 
from List A or B, and the number of false alarms, new words incorrectly identified as 
from List or B, were measured for each participant. This is important as it tests 
recognition memory.  
Dependent variables included in these analyses are immediate recall, delayed 
recall, correct rejections, and corrected accuracy, which is hits summed from List A and 
List B minus false alarms.  
 
2.5 Statistical Model 
All analyses were conducted in IBM SPSS 25. Multiple linear regressions were 
calculated to see if CRF can predict volumes of brain regions of interest. CRF was 
assessed by VO2max utilizing the equation described above in section 2.2. In these 
simple linear regression models, age, sex, education, intracranial volume (ICV), and MRI 
scanner location were added as covariates. Sex was input on a binary scale (1 = female, 2 
= male). Education was represented by highest year of schooling completed; for example 
16 = Bachelor’s degree. Scanner location was also input on a binary scale (1 = ETS 
	24 
study, 2 = ECE study). Statistical significance was set at a p-value of < .05. A Bonferroni 
correction will be applied to correct for multiple comparisons.  
 Additional analyses were performed where participants were split into low-fit 
and high-fit groups based on a median split of the compiled data. Subsequently, multiple 
one-way between-subject ANOVAs were run to compare the means of the two groups on 
different ROI volumes. Due to the inability to correct for ICV while conducting one-way 
between-subjects ANOVA, a method to adjust specific ROI volumes when controlling 
for ICV was subsequently utilized. This method (Jack et al., 1989) utilizes the following 
equation:   
Adjusted ROI volume = ROI volume – β * (ICV – average ICV) 
β is the unstandardized β taken from the linear regression model with ICV as the 
predictor variable and ROI volume as the independent variable. The average ICV was 
calculated by taking the mean ICV across the compiled data.  
Additional analyses were done using one-way between-subject ANOVAs to 
assess relationships between CRF and cognitive scores.  
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RESULTS 
3.1 Region of Interest (ROI) Mean Volume Measures 
 ASHS generates a text file that includes the volume measurements for each HC 
and MTL ROI. Table 2 below displays mean volume ± standard deviation and range of 
each significant ROI.  
 
Table 2: Brain Region of Interest Volumes 
 
The table below displays the mean ROI volumetric measures including standard 
deviation produced by ASHS, along with range. 
ROI Mean Volume ± S.D. Range 
Left DG/CA3 785.39 ± 128.50 532.84 
Right DG/CA3 836.80 ± 153.88 628.06 
Total DG/CA3 1622 ± 272.00 1131.75 
Left Hippocampus 2486.80 ± 316.81 1314.56 
Right Hippocampus 2607.56 ± 353.71 1474.17 
Total Hippocampus 5094.35 ± 656.80 2698.37 
Left Entorhinal Cortex 472.77 ± 84.66 384.71 
Right Entorhinal Cortex 497.97 ± 87.39 414.14 
  
 
3.2 Cardiorespiratory Fitness 
CRF testing was successfully carried out with 31 healthy older adults; 19 from the 
ETS dataset and 12 from the ECE dataset. Submaximal exercise treadmill test data 
collected from the ETS participants and ECE participants respectively showed a VO2max 
range of 19.9 ml/kg/min – 42.70 ml/kg/min and 17.68 ml/kg/min – 40.99 ml/kg/min. 
Please see figure 1 for box and whisker plots of VO2max for these two studies. Compiled 
data from both groups demonstrated a VO2max range from 17.68 ml/kg/min – 42.70 
ml/kg/min and an overall mean of 31.94 ± 7.3 ml/kg/min (mean ± standard deviation). 
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The median VO2max from the ETS dataset, ECE dataset, and compiled data respectively 
are as follows: 30.80 ml/kg/min, 33.46 ml/kg/min and 30.80 ml/kg/min. Further 
participants VO2max were correlated to fitness percentiles (Kaminsky, Arena, & Myers, 
2015) and are demonstrated in table 1.  
 
Figure 1: ETS and ECE Distribution of Participant VO2max  
 
 
This figure shows a box-and-whisker plot representing median, range, and quartiles of 
participant VO2max for both the ETS and ECE studies.  
 
An independent samples t-test done to compare VO2max by sex revealed a 
significant difference in females (27.76 ± 6.48 ml/kg/min) and males (33.86 ± 5.11 
ml/kg/min), t(29) = -2.864, p = .008. See Figure 2 for a graph showing the distribution of 
VO2max by sex.   
0	 5	 10	 15	 20	 25	 30	 35	 40	 45	
VO2Max	(ml/kg/min)	
ECE	ETS	
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Figure 2: Participant Distribution of VO2Max based on Sex 
 
 
This figure shows a box-and-whisker plot representing median, range, and quartiles of 
participant VO2max based on physiological sex. There is a significant difference between 
se: t(29) = -2.864, p = 0.008. 
 
3.3 Cardiorespiratory fitness does not predict HC subfield or MTL ROI Volume 
Multiple linear regressions were calculated to determine if CRF could predict 
different hippocampal subfield and MTL ROI volumes. Contrary to the hypothesized 
relationships, CRF was not found to be a significant predictor of any hippocampal 
subfield volume or MTL ROI volume. Please see Table 3 for statistics. Although 
VO2max was not shown to be a significant predictor, there were several different trends 
noted. There was no significant effect of scanner location, which is important considering 
two different scanners (Phillips Achieva and Siemens Prisma) were utilized for image 
collection. When using the multiple linear regression models to determine if CRF 
0	 5	 10	 15	 20	 25	 30	 35	 40	 45	
VO2max	ml/kg/min	
Male	Female	
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predicted left HC, right HC, and total HC volumes, a marginally significant or significant 
relationship was found for each: (F(6,24) = 2.514, p = 0.05, R2 = 0.386), (F(6,24) = 
3.474, p < 0.05, R2 = 0.465), and (F(6,24) = 3.042, p < 0.05, R2 = .432) respectively. 
These p-values were not Bonferroni corrected. However, the driving factor behind these 
models significance was ICV. Results of Pearson correlations between ICV and 
respective ROI regions are all demonstrated in table 4, along with respective p-values. 
 
Table 3: Multiple linear regression models assessing relationships between Brain 
Region of Interest volumes and VO2max 
 
The models utilized in the table below included the covariates age, sex, education 
intracranial volume (ICV), and scanner location. Significant values represented by the * 
indicate that it was significantly driven by ICV as opposed to any other covariate. 
ROI R R Square P-Value Model P-Value 
VO2Max 
L DG/CA3 0.533 0.284 0.193 0.881 
R DG/CA3 0.580 0.336 0.101 0.349 
Total DG/CA3 0.567 0.321 0.123 0.549 
L HC 0.621 0.386 0.05* 0.382 
R HC 0.682 0.465 0.013* 0.292 
Total HC 0.657 0.432 0.023* 0.322 
L ErC 0.410 0.168 0.574 0.801 
R ErC 0.599 0.359 0.074 0.846 
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Table 4: Pearson Correlations between Intracranial Volume and Brain Region of 
Interest  
 
This table below demonstrates the Pearson correlation (r) between ICV and brain ROI. 
Significance at p < 0.05 level is indicated by *.  
ROI r p-value 
L DG/CA3 0.262 0.154 
R DG/CA3 0.386 0.032* 
Total DG/CA3 0.340 0.060 
L HC 0.365 0.043* 
R HC 0.429 0.016* 
Total HC 0.407 0.023* 
L ErC 0.347 0.056 
R ErC 0.353 0.051 
 
Subsequently, multiple one-way between-subjects ANOVAs were conducted to 
compare hippocampal subfield and MTL ROI volumes in high-fit vs. low-fit individuals. 
There were no statistically significant differences between groups as determined by the 
multiple one-way ANOVAs; please see Table 3 for statistics. However, there was a 
marginally significant difference between high-fit and low-fit groups in terms of left HC 
volume [F(1,29) = 4.021, p = 0.054]. See Figure 3 for a graph showing the mean left HC 
volume for high-fit versus low-fit groups. Additionally, when adjusting left HC volume 
for ICV (Jack et al., 1989), the relationship between left HC volume and fitness level 
remained marginally significant [F(1,29) = 3.542, p = 0.073]. 
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Figure 3: Mean Left HC Volume in High-Fit vs. Low Fit Groups 
 
This figure shows a bar graph representing the mean left HC volume based on fitness 
grouping with respective standard error bars. There is a marginal significant difference 
between groups: [F(1,29) = 4.021, p = 0.054]. 
 
Table 5: One-Way ANOVA assessing VO2max relationship in low-fit and high-fit 
participants on Brain Region of Interest volumes  
 
This table below demonstrates the relationship between CRF and ROI volumes in high-fit 
vs. low-fit participants. Δ indicate a marginally significant relationships at a p < 0.05 
ROI Volumes df between df within F P-Value 
L DG/CA3 1 29 1.069 0.310 
R DG/CA3 1 29 2.372 0.134 
Total DG/CA3 1 29 1.846 0.185 
L HC 1 29 4.021 0.054 Δ 
R HC 1 29 2.898 0.099 
Total HC 1 29 3.560 0.069 
L ErC 1 29 1.639 0.211 
R ErC 1 29 0.919 0.346 
 
Additionally, Pearson’s correlation between VO2max and ROI volumes are shown below 
in Table 6. As no r-value is above 0.21, this indicates very weak relationships between 
VO2max and ROI volumes. 
2100	2200	
2300	2400	
2500	2600	
2700	2800	
M
ea
n	
Le
ft
	H
C	
Vo
lu
m
e	
Low	Fit																																											High	Fit	
	31 
Table 6: Pearson’s Correlation between VO2Max and Brain Region of Interest 
Volumes 
 
This table below shows Pearson’s correlations between VO2max and brain ROI volumes.  
ROI r 
L DG/CA3 0.015 
R DG/CA3 0.134 
Total DG/CA3 0.083 
L HC 0.196 
R HC 0.197 
Total HC 0.201 
L ErC 0.190 
R ErC 0.121 
 
3.4 Cardiorespiratory Fitness does not predict RAVLT performance  
A one-way between-subjects ANOVA was conducted to compare the mean 
number of correct rejection responses in high-fit vs. low-fit individuals. There was no 
significant effect of fitness level on correct rejections at the p < .05 level for the two 
conditions [F(1,10) = 1.133, p = 0.312].  
A one-way between-subjects ANOVA was conducted to compare the effects of 
VO2max on immediate and delayed recall in high-fit vs. low-fit individuals. Both 
revealed non-significant findings; [F(1,10) = 0.033, p = 0.860] and [F(1,10) = 0.037, p = 
0.851] respectively.  
Lastly, a one-way between-subjects ANOVA was conducted to compare corrected 
accuracy in high-fit vs. low-fit individuals. There was again no significant effect of 
fitness level on corrected accuracy at the p < .05 level for the two conditions [F(1,10) = 
0.243, p = 0.633].   
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DISCUSSION 
The goal of this study was to assess the relationship between CRF, as measured 
by VO2max, and both HC subfield and MTL region volumes. Past established literature 
that associates CRF with both HC and MTL region volumes, in conjunction with the 
recent unpublished findings that change in VO2max predicts anterior DG/CA3 volume in 
young adults (Nauer et al. in revision), suggest that CRF may be associated with DG/CA3 
volume, left HC volume, and right ErC volume in older adults.  
 
4.1 Hippocampal Subfield Volume and Cardiorespiratory Fitness 
While the linear regression models did not significantly predict ROI volume as a 
function of VO2max, one finding almost replicated formed published results. The 
relationship demonstrated by the one-way ANOVA between fitness level and left HC 
volume showed marginal significance, thus nearly demonstrating the recent meta review 
(Firth et al., 2018) finding that increased aerobic exercise is associated with volumetric 
retention of left HC volume compared to control groups. Past literature suggests that 
increased HC volume in young adults may be related to increased CBV in the DG region 
of the brain (Pereira et al., 2007). While much of the past rodent literature has associated 
aerobic exercise induced AHN with the DG/CA3 region, CA1 and CA4 have also been 
shown to respond to aerobic exercise in rodents (van Praag et al., 1999; van Praag, 2005; 
Neeper et al., 1996). Considering the HC is composed of DG and CA1-4, volumetric 
increases in any of these regions may result in an increase in total HC volume. 
Additionally, there has been suggestion that increased aerobic exercise enhances synaptic 
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plasticity in the HC, thus potentially causing an increase in HC volume (Erickson et al., 
2009; Christie et al., 2008). Further, aerobic exercise has also been shown to induce 
angiogenesis the DG subregion in rodents (Clark, Brzezinska, Puchalski, Krone, & 
Rhodes, 2009), which could also explain the increase in HC volume. Again, while the 
relationship between CRF and left HC was not statistically significant at a p-value of 
0.05, it is still important to highlight its marginal significance, given the existing 
literature. Increasing the sample-size of these analyses would be one way to determine 
whether this association can achieve statistical significance.  
The lack of findings when assessing the association between CRF and DG/CA3 
volume can potentially be related to the age of our participants. Although past literature 
in rodents has suggested robust findings for increased AHN causing increased DG 
volume, there is an effect of age. As evidenced by the van Praag et al. study in 2005, 
older mice had demonstrated significantly fewer new cells than younger mice (van Praag, 
2005). However, given the significant literature on aerobic-exercise induced AHN in the 
DG region, our negative findings are most likely related to experimental design. For 
example, human error such as motion during MR scans could produce inadequate 
volumetric text files.  
With regards to the association between CRF and right ErC, it is worthwhile to 
note this positive association has only been shown in young adults (Whiteman et al., 
2016). Further, the positive association between the ErC and voluntary wheel running has 
only been demonstrated in rodents (Stranahan et al., 2007). As the evidence and logical 
reasoning behind this hypothesis is still quite strong, there is a strong possibility that 
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these null results may be attributed to experimental design. This could include not 
focusing solely on the DG subregion, as well as these analyses coming from cross-
sectional data. 
  
4.2 Cardiorespiratory fitness and cognition  
No significant findings were found when assessing the associations between CRF 
and RAVLT performance. It is important to understand that previous literature assessing 
for relationships between cognitive function, aerobic exercise, and HC volume has 
revealed mixed results. A cross-sectional study done by Erickson et al. in 2009 revealed 
that HC volume was a partial mediator of both CRF and spatial memory performance. 
However, there have also been studies that have shown no significant cognitive changes. 
For example, Thomas et al. in 2016 revealed no significant changes in the cognitive 
battery after the exercise intervention. Thomas et al. reported this could have been due to 
a multitude of reasons including duration of intervention, actual tests used, or participant 
age (Thomas et al., 2016). Of note, the Thomas et al. study was a longitudinal study that 
assessed change in aerobic exercise.  
With regards to the association between CRF and RAVLT performance, there 
have been mixed findings. Pereira et al. demonstrated that change in CRF was positively 
associated with performance to trial 1 of the test (Pereira et al., 2007). Another study that 
recruited cognitively healthy older adults with either a familial or genetic risk for AD to 
evaluate the association between CRF and RAVLT initially found no significant 
association (Dougherty et al., 2017). However further exploration involving splitting the 
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sample by gender revealed a positive association between CRF and RAVLT performance 
in men, but not women (Dougherty et al., 2017).  
Considering these current analyses are cross-sectional, the lack of findings could 
be related to the cognitive test used, as well as other potential mediators like experimental 
design, age, or test administration. For example, as demonstrated by Pereira et al. in 
2007, measuring change in CRF over time was found to produce significant improvement 
on the first trial of the RAVLT. By limiting these analyses to cross-sectional data by 
design, there is no opportunity to measure longitudinal change. Additionally, the RAVLT 
is a verbal recall test that requires participants to have a keen sense of hearing. To explain 
a lack of findings, one could potentially argue that natural age induced hearing decline 
could be a factor for poor performance on a test of this stature.  
 
4.3 Limitations 
 One important limitation was the atlas utilized by the ASHS pipeline was created 
from 15 healthy older adults but also from 14 older adults diagnosed with MCI. As the 
participants utilized in this data were cognitively healthy, there is a potential problem 
using MCI participants’ scans to help calculate cognitively healthy individual brain ROI 
volumes as these individuals may have shown atrophy in our ROIs. Although the 
literature has suggested that individuals with MCI show atrophy in the CA1 and CA4 
regions, these same sections have also been demonstrated to respond to aerobic exercise 
in rodent models (de Flores, La Joie, & Chételat, 2015; Neeper et al., 1996). 
Additionally, considering CA1 is included in our equation to calculate HC, and the ASHS 
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atlas utilized includes 14 participants with amnestic MCI, these volumes of CA1 are 
potentially not as large compared to healthy older adults. This could thus lead to a 
reduced left or right HC volume, and thus limit our findings. This potential limitation 
only applies to both left and right HC volume because these analyses did not separate DG 
and CA3.  
 The overall sample size of 31 utilized for these correlational analyses was a 
limiting factor due to the reduced statistical power secondary to this small sample size. 
While the range of VO2max as indicated by figure 1 is a strength of this correlational 
approach, a larger sample size is necessary to properly assess these statistics. Further, 
considering the one-way ANOVA conducted to compare CRF on different brain ROI 
volumes was marginally significant, a larger sample size is necessary to achieve true 
statistical significance. With a larger sample size, there is a larger statistical power to 
detect small differences and thus detect smaller effect sizes.  
 One final limiting factor was the use of solely baseline CRF data. Past research 
has shown limited findings in cross-sectional analyses and more robust results following 
a longitudinal aerobic exercise intervention in which change in CRF can be measured 
(Erickson et al., 2011; Thomas et al., 2016). Further, cause and effect relationships 
cannot be established with these cross-sectional data. Therefore by measuring pre and 
post levels of CRF, one can investigate the association between change in CRF and 
specific ROI volumes as well as cognitive scores.  
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4.4 Future Directions 
Based on the null findings of these analyses, it would be beneficial to take this 
same data and use different neuroimaging software to split the DG/CA3 region into its 
anterior and posterior sections. This hopeful direction stems from our lab’s preliminary 
data suggesting that aerobic fitness change after a 12-week exercise intervention 
significantly predicts volume changes in the anterior left DG/CA3 region in young adults 
(Nauer et al. in revision). Additionally, past literature has split the HC into its anterior 
and posterior sections, and has found a positive relationship between CRF and anterior 
HC (Erickson et al., 2011). Therefore, splitting the HC into its anterior and posterior 
sections could highlight findings not seen in these analyses.  
Maintaining this same neuroimaging software is also a very viable option, but 
there would need to be an increased sample size. Further, due to the lack of associations 
between CRF and cognitive scores measured, it would be advisable to analyze different 
aspects of the RAVLT. For example, the learning rate between trials is one potential 
avenue to explore, as well as other aspects such as total acquisition across trials. Another 
potential avenue to explore would be utilizing more sensitive episodic memory tests. 
Additionally, given the literature suggesting that aging is also associated with cortical 
gray matter decline and its corresponding decline in executive function (Kramer et al., 
2007), it would be worthwhile to assess executive function via cognitive tests and 
investigate if there is potential mediation by CRF. Finally, it would be worthwhile for 
these two data sets to be individually analyzed to see if any significant findings could be 
produced. 
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CONCLUSION 
 
In conclusion, these current findings do not fully replicate the past literature in 
assessing for associations between CRF and ROI such as HC, DG/CA3, and the right 
ErC. However, there was a marginally significant finding when comparing left HC 
volumes in high-fit versus low-fit individuals such that higher CRF was associated with 
increased left HC volume. Importantly, this marginally significant finding remained when 
adjusting left HC volume for ICV. Further, these current findings do not replicate the past 
literature in assessing the relationship between CRF and cognitive performance. Given 
these lack of significant findings, future research including splitting the DG/CA3 region 
into its anterior and posterior sections, splitting the HC into its anterior and posterior 
sections, and utilizing different memory assessments are imperative. That being said, the 
past literature provides an overwhelming amount of support for the neuroprotective 
effects of aerobic exercise on HC decline across the normal lifespan. These lack of 
findings should not take away from that literature, but rather provide us with motivation 
on how to improve our assessments and research methods.  
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